Abstract. The friction reduction in a turbulent flow is one of the main design factors for a variety of fluid machinery. Humans have made an effort to apply the biomimetic designs of the nature to the fluid machinery. This study found the possibility of reducing the friction by using the biomimetic shark skin riblets and determined the geometrical configurations and arrangements of the riblets. Numerical analysis was performed to investigate the effect of the biomimetic riblet configurations on the drag reduction using the commercial CFD code ANSYS. The steady-state condition and RSM turbulence model were adopted. Based on the results of surface friction coefficient, the optimal configuration of the riblets was suggested.
Introduction
The primary forms of flow drag are pressure drag and friction drag. The pressure drag is determined by the shape of an object and the friction drag is caused by the interaction between the surface friction and fluid viscosity. Reducing the friction drag is a crucial design factor to enhance the aerodynamic performance of fluid machinery such as pipelines and hydraulic pumps. Turbulence causes the higher friction drag because of the momentum loss induced by the random motions of fluid molecules [1] . Several studies on the drag reduction have constantly been performed. One of those researches is the biomimetic approach copying the nature on the purpose of enhancement of the drag reduction. Limei et al. [2] investigated the effect of grooves of the back of beetles applied to the centrifugal compressor on the drag reduction. Bang et al. [3] experimentally studied the drag reduction caused by the ridges of the leatherback turtle. Kim and Choi. [4] studied the effect of the grooves of the scallop surface on aerodynamic performance. Amongst those studies, one of the most successful biomimetic applications is the riblets which indicate uniform and small-sized grooves and change the flow patterns, leading to the reduction of the friction drag. Walsh [5] studied various kinds of groove shapes to change flow characteristic of the turbulence and found that the V-shape was the best to reduce friction drag. Choi. [6] numerically demonstrated the mechanism of friction drag and investigated the effect of the ratio of riblet gap to the diameter of stream-wise vortex on the friction drag reduction by using DNS (Direct Numerical Simulation). Sirovich and Karlsson. [7] experimentally studied the effect of the sail fish riblets on the turbulent drag reduction. Li et al. [8] designed shark skin by using 3D printer to evaluate the aerodynamic performance. Liu and Li. [9] also molded shark skin with PDMS (polydimethylsiloxane) for the aerodynamic performance evaluation. Biomimetic shark skin riblets can be applied to fluid machinery due to its high performance on friction reduction.
In this study, the shark skin was three-dimensionally modeled to evaluate the effect of the biomimetic riblet configurations on the drag reduction by varying the aspect ratio (height-to-length) of the riblets.
Numerical Study

Model Description
The dimensional surface profile of the shark skin riblets was acquired to conduct the numerical simulation. Figure 1 shows the modeled riblets and their arrangement. The riblets consist of five symmetrical ribs and the width of the riblets is 277.13 µm. The height of the riblets is 30 µm while the length of the riblets is 300 µm. The riblets were arranged in 5 rows by 6 columns. The design parameters of the riblets are shown in Table 1 . Ten cases with different height and length of the riblets were considered and the detailed information is shown in Table 2 . The reference model and Case 2 were designed to investigate the effect of the riblet on the surface friction coefficient. 
CFD Model
In addition, the reference model and Cases 3-6 were considered to compare the surface friction coefficient for various heights of the riblets (20, 25, 30, 35 and 40 µm) while the reference model and Cases 7-10 for various lengths of the riblets (290, 295, 300, 305 and 310 µm).
The calculation of the surface friction coefficient on the riblets was based on steady-state viscous flow and was conducted using ANSYS FLUENT. RANS (Reynolds Averaged Navier-Stokes Simulation) was adopted as turbulence model to predict the effects of turbulence around the riblets. The RSM model was applied since the quadratic pressure-strain option improves performance for many basic shear flows and is suitable for complex 3-D flows. Table 3 shows the boundary conditions applied in this study. Numerical results were calculated at an inlet velocity of 20 m/s since sharks are known to swim under the water at around 20m/s. Working fluid is water and no slip condition was adopted on the whole surface. The width, length and height of the control volume were ten times larger than the riblet groups to eliminate the flow reflected from the walls and to induce the fully developed flow before the riblets.
Grid Systems
Grid systems were generated by applying tetrahedral grids with 15 inflation layers of grids adopted on the surface of the riblets to obtain the accurate simulation in the vicinity of the riblets. The number of elements in the grid systems is 4,500,000. A fine near-wall mesh capable of resolving the viscous sublayer requires y+ value under 5 and the first grid cell needs to be at about y+=1. The y+ value and mesh skewness of all cases are shown in Table 4 and it can be indicated that the accuracy of the numerical calculation near the wall is considerably reliable. Figure 2 shows the wall shear of the surface of riblets. The friction drag can be calculated from the surface friction coefficient which is proportional to the wall shear. The wall shear of the surface of the riblets, especially at the leading edge, tends to be higher than that of the valleys, indicating that the configuration of the leading edge of the riblets is influential to the friction drag. In order to analyze the effect of the velocity variations on the surface friction coefficient for the reference model and Case 2, the surface friction coefficients under varied velocities ranging from 18 to 22 m/s with an interval of 1 m/s were graphically depicted in Figure. 3. It can be noted that the surface friction coefficients are decreased as the velocity is increased. The surface friction coefficient was decreased by 26% ~ 27% in the reference model compared to Case 2, which is because the riblets effectively prevented the cross momentum of the flow from causing huge downstream vorticity. Figure 4 shows the surface friction coefficient for the height variations of the riblets. Case 6 has 10.36% lower value of the surface friction coefficient than the reference model. This indicates that as the height of the riblets is increased, the velocity difference between the riblet valleys and riblet tips is also increased, leading to the generation of small secondary vorticity along the riblets. This phenomenon is caused by the prevention of cross momentum inducing larger downstream vorticity which makes higher friction drag. Effects of length of riblets on the surface friction coefficients are shown in Figure. 5. It is seen that the surface friction coefficient tends to slightly be decreased, based on the Case 9 as the length of the riblets is decreased. Figure 6 shows the velocity distributions around the riblets. It is seen that the difference of the velocity between the riblet valleys and riblet tips of Case 6 was larger than that of the reference model. 
Results and Discussion
Conclusions
In this study, the effects of the biomimetic riblet configuration on the drag reduction were numerically investigated using ANSYS FLUENT. Firstly, flow characteristics in the vicinity of the biomimetic riblets of shark skin were compared with the case of flat plate. It is seen that the surface friction coefficients of both cases are decreased as the velocity is increased. With regard to the effect of the height of the riblets, the velocity difference between the riblet valleys and tips was increased as the height of the riblets became larger, leading to the generation of small secondary vorticity along the riblets.
In addition, the surface friction coefficients are increased as the length of the riblet increases. However, it shows decreasing nature when the riblet length value is greater than Case 9 (say L> 305µm).
This study shows that the riblet plate has lower friction drag than the flat plate and the height of the riblets is an important design parameter to enhance the riblet performance. This biomimetic riblet film could be applied to improve the performance of fluid machinery.
